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ABSTRACT
Insulin genes in mouse and rat comprise a two-gene system in which Ins1 was retroposed from the partially processed mRNA of Ins2. When Ins1 originated and how it was retained in genomes still remain interesting problems. In this study, we used genomic approaches to detect insulin gene copy number variation in rodent species and investigated evolutionary forces acting on both Ins1 and Ins2. We characterized the phylogenetic distribution of the new insulin gene (Ins1) by Southern analyses and confirmed by sequencing insulin genes in the rodent genomes. The results demonstrate that Ins1 originated right before mouse-rat split (about 20 MYA), and both Ins1 and Ins2 are under strong functional constraints in these Murinae species. Interestingly, by examining a range of nucleotide polymorphisms, we detected positive selection acting on both Ins2 and Ins1 gene regions in the Mus musculus domesticus populations. Furthermore, three amino acid sites were also identified as having evolved under positive selection in two insulin peptides: two are in the signal peptide and one in the C-peptide. Our data suggest an adaptive divergence in the mouse insulin two-gene system, which may result from the response to environmental change caused by the rise of agricultural civilization, as proposed by the thrifty-genotype hypothesis.
INTRODUCTION
Several mechanisms have been proposed to be involved in the retention of duplicate genes in genomes (FORCE et al. 1999; LONG et al. 2003; LYNCH and CONERY 2000; SHIU et al. 2006 ). Yet, how retrogenes evolve with their parental genes remains an interesting question.
Preproinsulins (insulin genes), with critical functions relating to the pathogenesis of diabetes, provide a valuable system to investigate this issue. In contrast to other mammals studied to date, i.e., human and guinea pig (CHAN et al. 1984) , in which one copy of the insulin gene (Ins) was found, insulin genes in mouse and rat form a two-gene system (SOARES et al. 1985; WENTWORTH et al. 1986 ). The two-gene system is composed of Preproinsulin 2 (Ins2), an ortholog to the insulin genes in these other mammals, and
Preproinsulin 1 (Ins1), a rodent-specific retrogene. Ins2 and Ins1 are expressed in the pancreas and both encode proinsulin peptides composed of four parts: Signal peptide, B chain, C-peptide, and A chain. Ins1 was identified as originating from a reverse-transcribed partially processed mRNA of Ins2 and thus retains only one of the two introns which is homologous to the first intron of Ins2 (Figure 1 ) (SOARES et al. 1985; WENTWORTH et al. 1986 ). Contrary to the origins of most retrogenes, Ins1 carries homologous regulatory regions with Ins2 from aberrant transcription, i.e. the mRNA was transcribed from the upstream region of Ins2 thus the transcript includes the gene itself and the regulatory regions. In the mouse genome, these two insulin genes are located on different chromosomes, ch7 (Ins1) and ch19 (Ins2) (DAVIES et al. 1994; WENTWORTH et al. 1986 ) while in rat they are on the same chromosome (ch1) but are more than 100 Mb apart (SOARES et al. 1985) .
Recent knockout experiments with non-obese diabetic (NOD) mice revealed that these two insulin genes have different null phenotypes related to the aetiology of diabetes (BABAYA et al. 2006; CHENTOUFI and POLYCHRONAKOS 2002; JAECKEL et al. 2004; MORIYAMA et al. 2003; NAKAYAMA et al. 2005; THEBAULT-BAUMONT et al. 2003) . et al. 2006 ). These observations suggest that the retrogene, Ins1, might exert some negative effects that worsen the diabetic syndrome.
Moreover, Ins2 and Ins1 were observed behaving differently under hormone stimulation in rats (KAKITA et al. 1982) . The nature of the null phenotypes of the insulin two-gene system provides a valuable system for investigating the origin of new genes in association with the common disease, diabetes. However, the evolution of Ins1 remains unknown. Despite an early sporadic data of insulin genes (BEINTEMA and CAMPAGNE 1987) , the lack of experimental testing of actual copy number of insulin genes in rodents has made it difficult to understand the distribution of Ins1 in rodents. To elucidate the above questions, we first conducted a phylogenetic survey of the distribution of Ins1 and Ins2 in 5 the rodent family Muridae by genomic Southern analyses. Muridae, to which mice and rats belong, is a large family with more than 1300 species and has been divided into about a dozen subfamilies (e.g., (MICHAUX et al. 2001) . We examine insulin genes by selecting taxa progressively moving away from mouse and rat, including taxa from subfamilies Murinae, Gerbillinae, Cricetinae, and Arvicolinae. Second, to very the Ins1 signals detected by the genomic Southern analysis, we sequenced insulin genes in several rodent species by PCR-cloning and sequencing. We further investigated the functional constraint on both Ins2 and Ins1 by examining Ka/Ks ratios among species. Finally, we identified selection mechanisms acting on this insulin two-gene system by analyzing distributions of polymorphism in the house mouse populations.
MATERIALS AND METHODS

DNA Samples
Genomic DNA was extracted from a total 9 murid species in this study. All were wild-caught in Taiwan, except as noted. Their taxonomic affiliations are as follows.
Five species are in the murid subfamily Murinae: Mus musculus (C57BL/6), M. caroli, The final sample sizes for various gene regions shown in 
Southern-blot Analysis and PCR-sequencing
We prepared genomic DNA with a phenol/chloroform extraction of tissues that had been treated with proteinase K and RNase A. Genomic DNA was digested with EcoRI and BamHI, respectively, and the representative images from one of the enzyme digestion in each species are shown in the results. Digested DNA was separated on 0.8% agarose gel with 0.5X TBE buffer, and transferred to nylon membranes. Probes labelled with 32 P-α-dCTP were hybridized to the nylon membranes to confirm copy numbers in different species. The probes were amplified from M. musculus Ins1 using primers Ins2-952
(5'-ACC ACC AGC CCT AAG TGA TCC GCT A-3') and Ins2-1997 (5'-AAG GTT TTA TTC ATT GCA GAG GGG T-3') (Probe region is shown in Figure 1 designed from the transcripts in the conserved regions and are able to amplify homologous genes in other rodent species. The PCR products of these insulin genes were then cloned from six rodent species followed by sequencing. For the insulin genes of each species, we sequenced at least three clones to eliminate PCR or sequencing errors. Sequences were analyzed only when they appear identically in at least two clones. Ins2 and Ins1 genes in the house mouse (M. musculus) and the rat (R. norvegicus) were retrieved from GenBank (accession numbers X04724, X04725, J00748 and J00747). The outgroup, human (Homo sapiens) insulin gene, INS, was also retrieved from GenBank (acc. no. X70508).
Coding regions of preproinsulin genes from human and various rodent species, and sequence data sets obtained from Ins2 and Ins1 in the house mouse population were aligned by Clustal W version 1.83 (THOMPSON et al. 1994) . To analyze the phylogenetic relationship of the two insulin genes and Ins2 homologous ancestral genes, Ins, in other rodents, we used coding region sequences to reconstruct a Neighbor-Joining tree implemented in MEGA3 (KUMAR et al. 2004 ) with 1000 bootstrap repeats. The functional constraints were estimated by Ka/Ks ratios implemented in PAML (YANG 1997) .
The estimated pairwise Ka/Ks ratios were calculated between the 8 rodent species, including 6 species carrying both Ins2 and Ins1 and 2 species carrying Ins. Twice the log likelihood difference between the estimated Ka/Ks ratio and the fixed Ka/Ks ratio (=1) was compared with a 2 distribution with df =1 to test whether the estimated Ka/Ks ratio was significantly smaller than 1. We eliminated those ratios with extremely small Ks values to reduce stochastic bias.
The spectra of distribution of allele frequencies at segregating sites (i.e., Tajima (Table 2 and Figure 4 ).
To further understand the selective force on residues, we conducted analyses by performing model M3 (3 ratios) and model M8 (beta&ω) respectively in PAML to test whether there was an acceleration of evolutionary rates (YANG 2006; YANG and NIELSEN 9 2002). Besides, M3 and M8 were compared with M0 (one ratio) and M7 (beta)
respectively by performing log likelihood ratio tests. The input phylogenetic tree was based on figure 3 while running different models.
RESULTS AND DISCUSSION
Origin of the Duplicate Retrogene, Ins1
The copy numbers of certain insulin-coding genes has been confirmed in certain mammalian species: two copies of insulin genes, Ins2 and Ins1, have been identified in the genomes of house mouse (M. musculus) and rat (R. norvegicus), and a single copy in the genomes of human (H. sapiens, INS) and guinea pig (C. porcellus, Ins), which are orthologs of Ins2 (Chan et al. 1984; Soares et al. 1985; Wentworth et al. 1986 ). We selected eight rodent species to date the origin of Ins1 precisely. We choose eight species from subfamilies Murinae (Rattus losea, Niviventer coxingi, Apodemus semotus, and Mus caroli),
Gerbillinae (Meriones unguiculatus), Cricetinae (Mesocricetus auratus), and Arvicolinae (Microtus kikuchii, Eothenomys melanoagster). The phylogenetic relationships between
the four species with known insulin gene sequences and our eight selected rodent species with unknown copy numbers are illustrated in Figure 2A .
We then carried out Southern blot analyses in the eight rodent species, together with the genomic DNA of house mouse as positive control. The results revealed that Ins1 exists only in the subfamily Murinae ( Figure 2B Only one genomic Southern signal was detected in Mes. auratus, E. melanogaster and
Mi. kikuchii, which suggests that there is a single copy of the insulin-coding gene in these genomes. However, the copy number in the Mer. unguiculatus genome was unclear because the two signals were detected in the genomic Southern analysis ( Figure 2B ). We conducted PCR-sequencing and observed that only a single copy of the insulin gene, which is the orthologous copy of the Ins2 gene in the house mouse, is present in that genome.
One EcoRI restriction site was identified in the Mer. Unguiculatus insulin gene, which results in two signal bands in this species. In summary, we conclude that only murine rodents, i.e., species in the subfamily Murinae, possess two copies of the insulin genes.
To further confirm the origin of Ins1, we analyzed the evolutionary relationships of Ins1
and Ins2 using the sequence data from the six Murinae species and Ins in Mer. unguiculatus and Mi. kikuchii generated from the PCR cloning and sequencing experiments. We observe that the gene structures of both Ins2 and Ins1 remain identical in all the Murinae species we analyzed: two introns appear in Ins2 and only one intron in Ins1. With human INS as outgroup, we constructed a neighbour-joining tree using the protein-coding sequences (330bp) (Figure 3 ). As expected, Ins2 and Ins1 in the murine rodents formed a distinct clade (the bootstrap support of the Ins1-Ins2 cluster is greater than 95% when subtracting the sequence of Mi. kikuchii from the data set, data not shown). This indicates that the evolution of a two-gene system in murine species is unique and differs from that in other murid species (i.e., non-murine rodents) carrying only a single copy of Ins (orthologous to human INS). These results further confirm the single origin of Ins1, which occurred in the most recent common ancestor of the Murinae. By mapping these results onto existing phylogenies, we estimate that the retroposition event took place before the mouse-rat split and after the divergence of the Murinae from the Gerbillinae, about 20 million years ago (MICHAUX et al. 2001; O'HUIGIN and LI 1992) . Thus, Ins1 is a relatively young gene and presumably a Murinae-specific retrogene with newly evolved functions in the glucose metabolic pathways.
Functionality of Ins2 and Ins1 in Rodents
To determine the functional constraint on the insulin-coding genes in these rodent species, we used a well-developed comparative analysis of synonymous (Ks) and non-synonymous substitutions (Ka) (LI 1993; NEKRUTENKO et al. 2002) . In general, a Ka/Ks ratio that is significantly lower than unity is considered to indicate functional constraint. We performed pair-wise orthologous comparisons of Ins2 and Ins of 8 murid species, and between Ins1 in 6 murine species. Also, we performed Ka/Ks ratio tests for the entire coding regions as well as for the B+A chain and C-peptides of both genes respectively because insulin peptides are composed of four subfunctional parts. All comparisons revealed unexpectedly small Ka/Ks ratios (significantly small than 1) ( Table   1 ). Notice that not only do the insulin functional peptides, B and A chains, but also the C-peptide of both Ins1 and Ins2 appear to be highly constrained in all species examined.
Our data are consistent with the evidence from the previous literature: in addition to the critical role in the protein structure assembly, C-peptides serve important functions in the endocrine systems (review in (STEINER 2004) ). Overall, the above analyses demonstrate the selective constraints in all insulin subfunctional regions, implying the functional importance of the insulin two-gene system in murine species.
Adaptive evolution of the Insulin Two-gene System
Our analyses indicate that insulin retrogenes had a single recent origin and that both The conventional whole-gene-based method of Ka/Ks ratio analysis, which is usually used with a large number of substitutions suggesting strong selection, may lack adequate power to detect the varied selection effects among the differing residues because of the small number of substitutions that have occurred in the short divergence time between Ins1 and Ins2. Therefore, we used two approaches to test evolutionary forces in both genes in mouse populations: (i) molecular population genetics to detect the signature left by any recent selection sweep; (ii) a site-specific test of positive selection using site-specific Ka/Ks ratios.
Genetic variation of DNA sequences in natural populations can be estimated by two different parameters: the number of segregating sites (S) and the average number of nucleotide differences using a pairwise comparison (π). Tajima's D tests were performed by estimating the difference between these two parameters (TAJIMA 1989) . If strong positive selection is acting on a given gene sequence, there will be an excess of rare alleles (e.g., singleton) (KIMURA 1983). We thus sequenced the Ins2 and Ins1 introns, which are assumed to be evolving neutrally, from the population of a subspecies of house mice (M.
musculus domesticus).
Remarkably, the polymorphic spectrum was significantly biased toward rare variants in both genes (Tajima's D = -2.1168, P = 0.0030, Tajima Although the significant D values we observed may result from positive selection acting on these gene regions, alternative interpretations should be also considered, e.g., a recent bottleneck effect or the hitchhiking effect of linkage to adjacent regions subject to positive selection. These alternatives could also create a skewed spectrum of polymorphisms imitating positive selection (BRAVERMAN et al. 1995; NURMINSKY et al. 1998) . We thus downstream regions ( Figure 4B and Table 2 ). Once again, these four flanking regions clearly do not follow the same evolutionary history as the coding region of Ins1. These results rule out a genome-wide bottleneck or hitchhiking effects in Ins2 and Ins1.
Furthermore, Fu and Li's D test statistic is consistent with the conclusions drawn by
Tajima's D values ( Table 2 ). All of the above evidence reveals that Darwinian positive selection is predominant selection mechanism contributing to the retention of Ins1 and the evolution of the two-gene insulin system in the mouse populations. Did the positive selection act on the regulatory region or the protein coding regions? The spectrum-based population genetic tests do not provide direct discrimination for the two possibilities.
However, based on the elevated Tajima's Ds in the closest flanking regions, the selection would be more likely to occur in the protein coding regions. This conjecture is supported by the following substitution analyses of the gene sequences.
To determine whether or not the amino acids evolve non-uniformly in Ins2 and Ins1 peptides, we analyzed the two-gene system in six murine species by using the human insulin gene as an outgroup, including 13 coding sequences (see in Figure 3 for their phylogenetic relationships). The statistical results showed that model 3 (M3, three ratios) and model 8 (M8, beta&ω) fit the data significantly better than model 0 (M0, one ratio) and model 7 (M7, beta) (P<0.01) respectively. In both M3 and M8, positive selection was detected in three amino residues (Table 3) : two are located in the signal peptide and the third one in the C-peptide. This reinforces our hypothesis that the coding regions of insulin two-gene systems are subjected to positive selection. Thus, in conjunction with the recent functional analyses in the literature, our data reveal an adaptively evolved insulin two-gene system with diverged functions in the mouse genome.
Scenario of Evolution of the Insulin Two-gene System
In conclusion, the retroposed preproinsulin gene, Ins1, was generated in the most recent common ancestor leading to murine species. In general, the gene has been subject to strong selective constraints on all functional parts of the insulin peptides. Interestingly, we detected unexpected significant recent positive selection on both Ins2 and Ins1 in the mouse populations. This, then, raises a particular question of why Ins1, which may be responsible for the development of type 1 diabetes in mice (BABAYA et al. 2006; MORIYAMA et al. 2003) , is subject to positive selection in the mouse population. We hypothesize that the evolution of Ins1 in the mouse populations may be explained by ancestral-susceptibility model (DI RIENZO and HUDSON 2005) , and that the protective property of Ins2 could result from the risk of being exposed to diabetes due to a defect of
Ins1.
Based on the recent studies, Ins1 may be responsible for the development of type 1 diabetes in mice (BABAYA et al. 2006; MORIYAMA et al. 2003) . However, Ins1 not only is fixed in the wild populations but also is subject to positive selection. This seems to be contradictory to the conventional concept that only genes/alleles that provide advantageous effect would be adaptive in natural populations. To explain this unexpected observation in Ins1 in mice, we hypothesize that the preservation and adaptation of Ins1 may follow an extended form of the thrifty-genotype hypothesis that accounts for the evolution of diabetes-related genes in some human populations (NEEL 1962) . According to this hypothesis, some alleles that increase the risk to common diseases may be likely ancestral alleles in the populations. The derived alleles protect individuals against common diseases and became advantageous recently (FULLERTON 2002; VANDER MOLEN et al. 2005) . It was proposed that the shift in environment and lifestyle increase the risk of individuals carrying the ancestral alleles in modern populations. In addition to type 2 diabetes, the susceptibility to certain common diseases, e.g., Alzheimer's disease (CORDER et al. 1993; STRITTMATTER et al. 1993) , has been determined to result from carrying ancestral alleles at one genetic locus that, under a shift in lifestyle, confer an unfavourable increased risk of disease. In contrast, the derived alleles confer protective functions and are subject to positive selection in the same populations.
Although Ins2 and Ins1 are two independent genetic loci, we may apply this model to explain the adaptive evolution of these two genes. We propose that, based on the above model derived from the thrifty genotype hypothesis, the fixation and preservation of retrogene, Ins1, likely resulted from the advantageous effect under an ancient lifestyle (e.g.
an efficient utilization of the intake energy from the scant food resource in ancient environments). As environments changed, those individuals carrying Ins1 were exposed to increasing risk of developing type 1 diabetes, because of more abundant foods available when the agricultural civilization arose. However, as a newly evolved retrogene, Ins1 in the existing mouse populations is subject to positive selection for improving its functions.
Meanwhile, as an evolutionary response to the recently emerging disadvantageous effect of Ins 1, the Ins2 copy might have been positively selected for the protection of individuals from developing diabetes and evolved adaptively in these populations as well. Table 3 . Positively-selected amino acid residues shared by Ins2 and Ins1 in murid species.
Region
Positive selected amino acid* Signal peptide 15 (P = 0.891), 20 (P = 0.921)
B chain
n/a C peptide 10 (P=0.992**)
A chain n/a * P < 0.01
The statistic significances were estimated by M8 under Naive Empirical Bayes (NEB)
analysis.
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